Socially assistive robotics (SAR) research has shown great potential for supplementing and augmenting therapy for children with autism spectrum disorders (ASD). However, the vast majority of SAR research has been limited to short-term studies in highly controlled environments. The design and development of a SAR system capable of interacting autonomously in situ for long periods of time involves many engineering and computing challenges. This paper presents the design of a fully autonomous SAR system for long-term, in-home use with children with ASD. We address design decisions based on robustness and adaptability needs, discuss the development of the robot's character and interactions, and provide insights from the month-long, in-home data collections with children with ASD. This work contributes to a larger research program that is exploring how SAR can be used for enhancing the social and cognitive development of children with ASD.
I. INTRODUCTION
The Centers for Disease Control estimate that autism spectrum disorders (ASD) affect 1 out of 59 children in the United States [5] . ASD is characterized by a variety of developmental delays and difficulties in communication and social skills, ranging in their severity and manifestations [21] . Early therapeutic and educational interventions are critical for individuals with ASD [9] [29] , but the costs of those services, along with the associated transportation and parent/caregiver time, make them inaccessible to many [22] . Advances in computing and robotics have provided means of supplementing such health services. Research has shown that in human-robot interaction (HRI) the physical embodiment of the support agent can increase user adherence [1] , social engagement [39] [23] , and cognitive learning gains [26] , among other desired outcomes. Additionally, clinical research with robots has demonstrated that they stimulate mirror neurons [17] , which are critical for theory of mind [16] and motor skills [15] .
The field of socially assistive robotics (SAR) aims to develop robot systems that support human health and wellness through co-present, social interaction [27] . SAR research has demonstrated the unique social capacity of robots to support children in learning [6] . In ASD in particular, SAR has been shown to effectively mediate joint attention [32] and turntaking [2] , increase interaction complexity [8] , and elicit pakkar@usc.edu, clabaugh@usc.edu, rdorothyl@gmail.com, ericcdeng@gmail.com, mataric@usc.edu social interaction [31] . The embodied, social, and judgmentfree nature of SAR makes it an effective tool to assist children with ASD in understanding and interacting socially with the world around them [33] .
In spite of this potential, due to the high development and research costs of long-term and real-world SAR studies, the vast majority of SAR research with children with ASD to date has been limited to short-term studies involving highly controlled interactions [33] [6] . While those studies have demonstrated the therapeutic potential of SAR, longerterm interventions have been shown to increase learning gains and human-robot attachment over time [25] [6] . Most notably, a recent study [34] showed that a fully autonomous SAR system can sustain engagement, improve joint attention skills, and increase communication in children with ASD.
This paper is part of a larger, ongoing research effort to study long-term, autonomous SAR interventions. Here we focus on the system design while other works, such as [4] , provide deeper analyses of the user responses and models based on the use of the system. We present the physical setup, the robot character Kiwi, and the interaction design of the complete SAR system deployed in 6 homes of 8 children with ASD for a month each. The system design is evaluated by the development of the child-robot relationship as well as by the system's overall likability and usefulness, as reported by the participating families.
II. RELATED WORK
A great deal of work has explored robotics for ASD, as reviewed by Scassellati et al. [33] , Begum et al. [3] , and Diehl et al. [10] . The majority of past research has made use of commercially available robot platforms, such as Kaspar, Keepon, and the Nao, to demonstrate the viability of SAR as a therapeutic tool for children with ASD [13] . The most common robotic platforms used have been tabletop robots, ranging in size from 10 inches (Keepon) to 2 feet (Jibo), and in form from abstract (Keepon, Jibo) to humanoid (Kaspar, Nao). Though some past work has employed mobile robots to study topics like social space with children with ASD [14] , tabletop robots have garnered the most appeal because they present fewer technical challenges and safety concerns for real-world use.
One such platform, Jibo, was a commercially available tabletop robot with a unique, expressive swiveling motion. Scassellati et al. used Jibo in a month-long deployment with children with ASD, similar to our own [34] . In the study, children with ASD interacted with Jibo in their homes for 30 minutes every day, for 30 days. Over the intervention, the child participants showed improvements across a variety of social skills, especially joint attention.
While these results are promising, commercially developed robots used in SAR research, like Jibo, were not designed for use with or by children with ASD; to date, such platforms lack various features needed to meet the specific needs of long-term ASD interventions. Currently, there are no low-cost, general-purpose, adjustable autonomy systems for child-robot interaction research, especially for use in ASD. That is the motivation for the system we present: it was fully designed for long-term in-home deployments with children with ASD, involving input from the user community, and leveraging the demonstrated appeal, utility, and safety of squash-and-stretch tabletop robots. 
III. SYSTEM DESIGN

A. Design Goals
Long-term SAR interventions are challenging from a systems engineering perspective, as the deployed systems must be sufficiently robust, intuitive, and engaging to support repetitive, daily use. The following sections present the physical SAR system, robot character, and interaction design we developed and evaluated.
B. Physical System
The SAR system, shown in Figure 1 , used an updated design of the Stewart Platform Robot for Interactive Tabletop Engagement (SPRITE) [35] , shown in Figure 2 , originally developed in our lab for ongoing SAR research. This cost effective, open-source platform consists of a 3D-printed hexagonal base that housed six servo motors controlled by one micro-controller. The motors actuated six aluminum rods that supported and moved a top plate to which a variety of 3D-printed brackets were secured. The top bracket could hold a smart phone or, as in this research, a small display, used to display the robot's face. The platform moved the robot's upper body and face using six degrees of freedom that produced the desired squash-and-stretch appearance. SPRITE can be outfitted with different exterior skins, allowing it to take on different characters depending on the research needs.
When designing systems intended for long-term use in homes with children, safety is the paramount consideration. For increased safety as well as power conservation, we replaced the ultra high torque servo motors in the original SPRITE with safer, less costly, lower power servos that supplied less torque (17 kgcm at 6 V compared to 40 kgcm at 7.4 V from the original design). We adjusted the 3Dprinted base accordingly to fit the new servos. We also replaced the smart phone that served as the robot's face display with a lower-cost and lower-power LCD display. The final height of the SPRITE used in the in-home deployments was approximately 30cm. Collectively, these design changes lowered the robots overall component cost by one third, from approximately US$1,500 to US$1,000.
As another safety measure, a key design goal was to develop a fully enclosed system that housed the small power supply (supplying the lower-torque motors), computer, speakers, touchscreen monitor, and a small front-facing camera for recording audio-visual data, as seen in Figure 3 . The box was powered by one external AC power cord plugged into a standard wall outlet. The system was designed to be powered on and off with one easy-to-access switch and to be used without an Internet connection, to avoid network safety and accessibility concerns.
The resulting system was a single cohesive unit that was safe, accessible, affordable, and easy to set up and use. The research team assisted child participants through an initial tutorial to ensure that they were comfortable and familiar with the system's touch-screen monitor interface. Families could turn the SAR system on and off as desired. The robot character, Kiwi, shown in Figure 4 , was designed for participants with the following criteria:
C. Robot Character
1) Child user age between 3.5 years and 8 years old 2) Stable physical, sensory (i.e., hearing and vision), and medical health 3) English as a primary language spoken by the family 4) Clinical diagnosis of ASD in mild to moderate ranges as described in the Diagnostic and Statistical Manual of Mental Disorders-5 [38] [20] [21] [11] Kiwi's owl-like "skin" and the associated character were designed to be non-threatening, gender-neutral, and simple in physical expression. The smartphone displayed an animated face with two eyes, eyebrows, and a mouth. The mouth moved using visemes; the affective facial expressions were based on the Facial Action Units Coding System (FACS) [12] . Kiwi's speech and facial expressions were accompanied by simple squash-and-stretch and bending body motions to make communication appear natural. As in the previous SPRITE deployments, the robot was controlled by CoRDial, the Co-Robot Dialogue system [35] , a software stack that manages the robot's speech, motor controllers, and facial animations.
Kiwi's character was designed to be a near-peer robot space explorer. To facilitate relationship-building, Kiwi used friendly informal language to relate to the child user. Kiwi Fig. 5 . The child-robot interaction was designed around Kiwi as a robot space explorer. To help Kiwi return to its home planet, the child played the accompanying space-themed educational games that were displayed on a tabletop touchscreen monitor placed in front of Kiwi. introduces itself to the child as being a robot space explorer needing help to return to its home planet, and asked the child for help with a variety of game-like tasks, displayed on the touchscreen monitor.
D. Child-Robot Interaction Design
The SAR system was designed to engage children in daily educational games depicted in Figure 5 . The games were iteratively developed concurrently with the Kiwi character in order to synergistically encourage child learning through play [37] [36] and meet developmentally appropriate social and educational learning outcomes for children with ASD. The 10 games included in the study were designed in collaboration with education experts, teachers, and preschoolaged children [7] . The games used a space theme to present and test number concepts. Activities involved sorting moon rocks and stars with the purpose of helping Kiwi fix its spaceship. Additional activities designed to support child social development were dispersed throughout the interaction ( Figure 6 ). These activities asked the child to identify emotions on an alien character's face. The educational games ranged in difficulty to suit the needs of each child, while the Kiwi character itself remained consistent throughout the study. As the child engaged in solving the educational games on the screen, Kiwi provided positive support, giving praise in response to correct answers (e.g., "Great job!"), and providing constructive comments in response to incorrect answers (e.g., "That's not quite right, let's try again.").
At the start of the intervention period, Kiwi was presented to each child participant as a temporary addition to the household. This was reinforced by Kiwi's introductory dialogue in which it stated it needed help going back home. These design decisions were made to support the temporary nature of the in-home robot deployment. 
IV. EXPERIMENT DESIGN
As part of our larger, ongoing research effort involving month-long in-home SAR deployments, this paper evaluates the described SAR system in terms of its likeability, usefulness, and relationship to the child over the 30-day deployment in six family homes of eight children with ASD. Because of the numerous challenges of working with families with ASD in the home, including the large variance and severity of ASD symptoms across participants, and the large variance in home environments and family situations, this work follows a single-subject design [19] in that child participants serve as their own respective baselines. In this paper, we focus on the insights gathered through weekly semi-structured interviews conducted with the eight participating children and their families. The interviews were used to assess robot likability, usefulness, and the child-robot relationship. Our other work reports on objective outcomes measures based on eye gaze, child vocalizations, etc. We did not use any wearable data collection systems (e.g., EEG, GSR) because they are poorly tolerated by individuals with ASD and affect natural daily in-home activity.
Questions about Kiwi's likeability include [ 
V. FINDINGS
A. Likeability
How likable did the child participants and their families find Kiwi?
As shown in Figure 7 , all of the participants and their families, except for Participant 1 (P1), reported high likeability for Kiwi. Overall, P1 was an outlier in the study; across all three measures, P1 reported generally negative but highly variable ratings of the SAR system. The family stated that while he was generally comfortable with technology, he was not with the robot's physical movement and speech, "(P1) has other apps that he uses, and because we thought this would be similar, we thought that he would be engaged...but I think that the biggest difference is the robot and I think he's scared of it." For a couple of weeks, the family covered Kiwi with a towel and reported that P1 had more comfortable interactions with the rest of the system. However, when uncovered again, the parents stated that P1 continued to react negatively toward the Kiwi and requested that it be removed from the home before the end of the study period.
Participant 2 (P2) reported liking Kiwi and actively talked to people about it, telling them that Kiwi is her friend. P2 said that despite Kiwi's help, the games were hard for her, and sometimes she needed motivation to continue playing. Towards the end of the study period, she still liked Kiwi but was growing tired of it and said she would not be sad when Kiwi left.
Sibling Participants 3 and 4 (P3 and P4) both reported that they liked Kiwi and grew more comfortable with it through the study period. When asked what he tells his friends about Kiwi, P4 said "It's awesome". P3 and P4 liked the Kiwi skin and the space theme of the games as it was something they were familiar with from school. P4 was younger than P3 and was not able to engage with the games as well as P3. Despite that, he said he liked the Kiwi character.
Another sibling pair, Participants 5 and 6 (P5 and P6) reported generally positive interactions with Kiwi that again showed the likeability and adaptability of the system simi- larly to P3 and P4. P6, the older sibling, was reported to have enjoyed every aspect of Kiwi, while it was reported that P5 took a little longer to grow accustomed to the system, but grew to like Kiwi over the month intervention.
In terms of system design, Participant 7 (P7) stated that she liked the space theme of the games as they related to other activities she did outside of the home. Participant 8 (P8) also gave overwhelmingly positive feedback about the likability of the system.
B. Usefulness
How useful did the child participants and their families find Kiwi?
As follows from the findings for likability, P1 reported generally low usefulness ratings for the robot. Apart from the weeks during which his parents covered Kiwi, P1 did not use the system very often as he was too afraid to interact with the robot.
The other participants had much more positive feedback on the usefulness of the system, as shown in Figure 8 . P2 stated that Kiwi was helpful when she got stuck during games. Her family noted that through the interaction with the system, P2 grew more comfortable with math, which had been a difficult subject for her. Similarly, P3 reported positive experiences with both the games and Kiwi, while P4 stated that he liked Kiwi but the games were too difficult for his age level. P3 said that working with Kiwi improved his math skills.
P5, P6, P7, and P8 also found the system to be useful. For P7, the family noted greater evidence of empathy in P7's behavior toward her peers and toward Kiwi as the interaction progressed over the study period. P8 stands out, in particular; his family noted that he learned a great deal from the system, despite initially being afraid of Kiwi's appearance. During the second week of intervention, P8's parent and sibling expressed concern that P8 avoided the more challenging problems such as subtraction. By the last week of the study period, however, P8 started to count on his fingers and was self-motivated to initiate and com- Fig. 9 . The closeness of the child-robot relationship was rated using a five-point Likert-type scale, averaged over all weekly interviews conducted during the intervention (mean = 6.1, SD = 1.6) plete previously challenging math problems with Kiwi. This finding is further highlighted by that fact that P8 was not currently learning math at school. Later in the study, P8 reported that he had an increased enjoyment in completing his school homework, although this may or may not be related to the SAR interactions. P8's parents also noted that he demonstrated social growth over the course of the intervention; P8 became interested in astronomy, related to Kiwi's backstory, and specifically requested library books on that topic.
C. Child-Robot Relationship
How did child participants' relationships with Kiwi change over the study period?
P2-P8 reported overall positive and comfortable relationships with Kiwi, while P1 remained an outlier. When asked about the system, P1 stated "No Kiwi," demonstrating his aversion to the system and to forming a relationship with the Kiwi character.
As the interaction progressed, P2 described Kiwi as a friend and stated that the friendship was mutual, and that she thought that Kiwi liked her as well. In this way, P2 showed that Kiwi could be personified as a friend and seen as an entity separate from the games. While P2 stated that she sometimes did not like the games and found them difficult, she consistently reported positive feelings about Kiwi and the usefulness of the system. P3 stated that "Kiwi is the best" and "Kiwi does not make me feel bad when I get problems wrong." P3 and P4 grew more confident throughout the interaction. Toward the end of the study period, P3 and P4 relayed that they were worried about Kiwi leaving, and P3 said he was going to miss Kiwi. P5 and P6 had a similar response to Kiwi and also said that they thought of Kiwi as a friend.
P7 did not immediately like Kiwi, and was initially reluctant to play with it. Her family reported that they had to work to persuade her to use the system and play through the games. However, after two weeks, she began to avidly seek out playing with Kiwi and ask for it as soon as she woke up in the morning. She also played with Kiwi independently, without her family in the room. Her parents also reported that P7 wanted to talk about Kiwi in school, which increased her social communication and interaction with other students, whereas previously she mainly talked with adults. She also demonstrated concern for Kiwi towards the end of the study period when she knew Kiwi was going to leave. It is important to note that, at least in this example, the participant's first impression (or first two weeks of impressions, for that matter) was not predictive of her feelings about the robot later on in the study.
P8 also described Kiwi as a friend, actively showing it to visitors, and going into great detail when describing his day with Kiwi. He also told Kiwi "We make a great team" and wanted to name a family pet after Kiwi. P8's parent stated that P8 had not had any friends at school until he started talking to children (as well as adults) more as a direct result of interactions with Kiwi.
VI. DISCUSSION
Despite the developmental and familial differences among P2 through P8, all of these users had positive experiences with Kiwi throughout the month-long interaction. The participants' sustained interest in the system over the course of a long-term interaction demonstrates that the system's appeal surpasses the novelty effect of a new toy or playmate. P1 as the outlier shows the need for further personalization of the SAR intervention. The majority of the participants thought of Kiwi as a friend and were able to personify it as such, as evidenced by the way they talked about Kiwi to others, supporting the likability of the system. P3's family even gave design suggestions to improve the usefulness for their children, such as the addition of activities practicing language arts skills, and incorporating confirmation sounds when the participant answers a question correctly.
Throughout the study, a few technical issues arose that affected the overall scores of likability, usefulness, and relationship building over time. For P3 and P4, a software error caused Kiwi's displayed eyes to stay open for long periods. The child participants also used a water gun on that robot, but fortunately did not disable it in the process, as a result of the safety features that were part of the robot's physical design. For P5 and P6, the system broke down twice in the home due to mechanical issues. The siblings liked Kiwi but the hardware issues influenced the reported scores.
In other cases, participants were faced with the physical limitations of the system. For P7, as she grew more comfortable with Kiwi, she wanted to hug it, causing the face-plate covering the display to detach. The family requested that the robot in future iterations be sturdier so as to withstand physical affection from the child. Robot durability is a general challenge in any physical child-robot interactions, and can become an issue in SAR even if the interaction design does not call for physical interaction.
VII. CONCLUSION AND FUTURE WORK
Overall, participants' responses to the SAR system were positive despite some technical constraints and challenges. The majority of participating families accepted the SAR system into their homes and reported the robot to be useful and likeable. Most child participants were also able to develop strong relationships with the robot over time. The hardware system, robot character, and interaction design can be improved to widen appeal and utility to a wider range of children with ASD. Having different themes for the games that children can choose from or another skin option for the robot can allow for personalization in the interaction and investment from a wider variety of participants.
The research presented in this paper is part of our larger, ongoing research program toward long-term, in-home SAR for children with ASD. This paper specifically focused on the physical system, robot character, and interaction design of the fully autonomous SAR system. Our initial research findings encourage us to further investigate the social, emotional, and cognitive development of child participants over the course of intervention. We aim to develop and study SAR as a potential supplement to in-home therapy for children with ASD. This system is the first to be validated with a large cohort of children in their homes for month-long and longer use, providing insights and best practices for the designed and deployment of in-home, long-term HRI studies with children with ASD.
